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The ex ten sive use of 64Cu (T1/2 = 12.7 h) as a pos i tron and elec tron emit ter ra dio iso tope in re -
cent years has en sured its po ten tial to serve a dual role in the de vel op ment of mo lec u lar agents
in PET and radioimmunotheraphy drugs in on col ogy. The TALYS 1.0 code was used to cal cu -
late  ex ci ta tion  func tions  for  in duced  pro ton,  deu teron  and  alfa-par ti cles  on  64Zn,  66Zn,  67Zn,
68Zn,  70Zn,  62Ni, and 64Ni up to 50 MeV . Ac  cord  ing to the data ac  quired by the TALYS 1.0
code, thick-tar  get in  te  gral yield of the in  duced charged par  ti  cles on the en  riched tar  gets was
achieved.
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IN TRO DUC TION
Due  to  ex ten sive  ap pli ca tions  of  the  64Cu ra  dio  -
iso  tope in radioimmunotheraphy (RIT) and as a pos  i  -
tron emis  sion to  mog  ra  phy agent in PET im  ag  ing, var  i  -
ous meth  ods have been used to pro  duce it. An
ad  di  tional rea  son for giv  ing the pro  duc  tion of trou  -
ble-free radiolabeling of 64Cu ex tra con sid er ation lies in 
in sol u ble  com plexes.  64Cu is widely la  beled as a
DTPA-pep  tide, DOTA-pep  tide, or monoclonal an  ti  -
body in co  lon can  cer stud  ies. More  over, 64Cu  an ti bod -
ies have shown prom is ing re sults as RIT agents [1].  Re -
search has also shown that 64Cu-PTSM is a po  ten  tial
agent for tu  mor blood-flow quan  ti  fi  ca  tion and hypoxia
[2, 3].
The pro duc tion of  64Cu (of which phys i cal-de cay pa -
ram  e  ters are to be sought in T1/2 = 12.7 h, Eb
- = 0.58 MeV,   
Eb
+ =  0.66 MeV,  I b
- =  38.4%,  I b
+ =  17.8 %, IEC =
=k43.8% [4]) is mostly founded on pro ton and deu teron ir  -
ra  di  a  tion of en  riched Zn and Ni tar  gets by a cy  clo  tron.
Abbas et al. [5] used an en  riched 64Zn tar  get to pro  duce
64Cu via deu teron in duced on the tar get. Zweit et al. [6] pro -
duced no car rier added 64Cu us ing an en riched 64Ni tar get ir -
ra di ated  by  deu teron  par ti cles.  Szelesenyi  et al. [7, 8] used
the same tar  get bom  barded by pro  ton par  ti  cles. Cy  clo  tron
pro duc tion of  64Cu was also ac com plished us ing 66/68Zn tar -
gets. The pro  duc  tion of 64Cu is pos  si  ble by a re  ac  tor us  ing
fast  and  ther mal  neu tron  ir ra di a tions  [5-13].
In  this  work,  the o ret i cal  ex ci ta tion  func tions  of
the  64Cu  pro duc tion  were  cal cu lated  us ing  prob a ble
meth  ods, such as those within the 50 MeV par ti cle en -
ergy range, us  ing the TALYS 1.0 code as a sys  tem  atic
study  of  par ti cle-in duced  ac ti va tions  of  metal  tar gets.
The o ret i cal  cal cu la tions  of  the  pro duc tion  yield  and
cal  cu  la  tions of the re  quired thick  ness of the tar  gets
proved  to  sug gest  pos si ble  op ti mum  re ac tions  in  the
pro duc tion  of  64Cu.
METH ODS
Ex ci ta tion  func tions  of  64Cu  pro duc tion  via
66/67/68/70Zn +  p, 64Ni + p, 64/66/67/68Zn + d, 64Ni + d,
62Ni + a, and 64Zn + n re ac tions were cal cu lated by the
TALYS 1.0 code of up to 50 MeV. An op ti mum en ergy
range to avoid the for  ma  tion of radionuclide im  pu  ri  -
ties,  de crease  the  ex ci ta tion  func tions  of  in ac tive  im -
pu  rity pro  duc  tion or, even, to avoid their pres  ence al  -
to  gether while tak  ing full ben  e  fit of the ex  ci  ta  tion
func tions was de ter mined. There fore, the fea si bil ity of 
the  pro duc tion  of  64Cu  via  var i ous  nu clear  re ac tions
was in ves ti gated. To de ter mine the eco nom i cal rou tine 
and  the o ret i cal  cal cu la tions  of  nu clear  re ac tions  for
pre dict ing  ex ci ta tion  func tions,  the  TALYS  1.0  code
de vel oped  by  Koning  et al. [14] for low/me  dium en  -
ergy ac  cel  er  a  tors was used. TALYS 1.0 is a com  puter
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re ac tions.  The  ba sic  ob jec tive  be hind  its  con struc tion
is the sim u la tion of nu clear re ac tions that in volve neu -
trons, pho  tons, pro  tons, deu  ter  ons, tritons, 3He-par  ti  -
cle, and al  pha-par  ti  cles in the 1 keV-200 MeV en  ergy
range for tar  get nuclides of mass 12 and heavier. Sev  -
eral op  ti  cal po  ten  tial mod  els were used for pro  tons.
Cross-sec tion  cal cu la tions  were  per formed  us ing  the
frame  work of the Exciton model for equi  lib  rium and
pre-equi lib rium  emis sion  of  pro tons.  For  deu ter ons,
tritons,  3He, and al pha par ti cles, a sim pli fi ca tion of the
fold  ing ap  proach of Watanabe was used [15, 16].
Ac cord ing to the SRIM (The Stop ping and Range
of Ions in Mat ter) code, the re quired thick ness of the tar -
get was cal  cu  lated for any re  ac  tion [17]. The phys  i  cal
thick ness of the tar get layer is cho sen in such a way that
for a given beam/tar  get an  gle ge  om  e  try (90°), the in  ci  -
dent beam of the tar  get layer be ex  cited with the pre  -
dicted en  ergy. To min  i  mize the thick  ness of the tar  get
layer, 6° ge  om  e  try is pre  ferred; so re  quired layer thick  -
ness will be less with the co  ef  fi  cient of 0.1. 
The thick tar  get in  te  gral yields were de  duced us  -
ing mea  sured cross-sec  tions by the Simpson nu  mer  i  cal
in te gral method from eq. 1. As the yield equa tion states,
the en  hance  ment of  in  ci  dent en  ergy, beam cur  rent and
use of an en  riched tar  get in  crease the yield as fol  lows
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where  H  is the iso  tope abun  dance [%], M – the mass
num ber  [g],  s(E) – the cross-sec  tion [mb]**, Sp – the
stop  ping power [MeVcm
2mg
–1], I – the beam cur  rent
[mA], and t – the bom  bard  ment time [h]. 
RE SULTS  AND  DIS CUS SION 
64Cu  pro duc tion  prac ti ca bil ity
via  pro ton  par ti cles
66Zn(p, x)64Cu. A  ben e fi cial  range  of  pro ton en -
ergy  for  pro duc ing 64Cu  from  a 66Zn tar get is 33 to 43
MeV of a max  i  mum cross-sec  tion of 80.238E-03 b in
41 MeV. The ob  tained pro  duc  tion yield of 64Cu in the
cho  sen en  ergy range is 6.43 mCi/mAh;  nev er the less,
65Zn (244.26 d) and 64Zn (sta ble) radiochemical im pu -
ri  ties of the cross-sec  tions are con  sid  er  ably higher
than (64Cu) gen  er  ates in the said en  ergy range. The
rec  om  mended thick  ness of the tar  get is 140.0 mm for
ge  om  e  try 6° of the beam to  ward tar  get, in agree  ment
with the op  ti  mum en  ergy range of 33-43 MeV, us  ing
the SRIM code.
67Zn(p, a)64Cu.The  ex ci ta tion  func tion  data  ac -
quired from the code pre  dicted that tar  get ir  ra  di  a  tion
lead to the cre ation of ra dio ac tive and in ac tive im pu ri -
ties of equal or higher cross-sec  tions com  pared to the
en tire  uti liz able  en ergy  range  of  64Cu, which could
make it an un  suit able method for pro duc  ing 64Cu. The
max  i  mum cross-sec  tion ob  tained, that of 39.74E-03 b
in 14 MeV en  ergy and the  o  ret  i  cal thick-tar  get yields,
is 1.10 mCi/mAh. The rec  om  mended thick  ness of the
tar  get is 44.38 mm.
68Zn(p, x)64Cu. The ex ci ta tion func tions of  64Cu
pro duc tion  via  the  68Zn (p, x)64Cu re  ac  tion in the en  -
ergy range of  20 to 30 MeV, ex  ploit  able to pro  duce
64Cu, showed that this re  ac  tion ap  pears not to be suit  -
able for im  pu  ri  ties pro  duced through very high
cross-sec  tions. The max  i  mum cross-sec  tion of the
cop  per-64 ra  dio  iso  tope is 58.63E-03 b in the 25 MeV
en  ergy range and the the  o  ret  i  cal thick-tar  get yield is
3.46 mCi/mAh. The rec om mended thick ness of the tar -
get is 102.20 mm.
 70Zn(p, x)64Cu.  Pro ton  ir ra di a tion  of  the  70Zn
tar get  pro duces  iso to pic  and  non-iso to pic  im pu ri ties
of equal or higher cross-sec  tions com  pared to the en  -
tire uti  liz  able range of 64Cu. The max  i  mum cross-sec  -
tion gain of 39.87E-03 b in the 46 MeV en  ergy range
and the  o  ret  i  cal thick-tar  get yield is 3.50 mCi/mAh.
Within this en  ergy range in its en  tirety, radionuclidic
im pu ri ties by this method con sist of 66Zn (sta ble), 67Zn 
(sta ble),  68Zn (sta  ble), 69Zn (56.4 m), 70Zn (5×1014 y),
67Ga (3.26 d), 68Ga (67.629 m), and 69Ga (sta ble). The
rec  om  mended thick  ness of the tar  get is 159.0 mm.
64Ni(p, n)64Cu. In  duced pro  tons on en  riched 64Ni
re sulted in iso to pic and radionuclide im pu ri ties in the en -
ergy range of up to 50 MeV. Within the bound ary of 3-11
MeV  in ci dent  par ti cle,  64Ni (sta  ble), 61Co (1.65 h), and
64Cu (12.7 h) are pro  duced; the max  i  mum prob  a  bil  ity of
the re ac tion for pro duc ing  64Cu (max i mum cross-sec tion
of 767.25E-03 b) oc  curred in 10 MeV. The the  o  ret  i  cal
thick-tar  get yield and op  tional thick  ness are 11.62
mCi/mA×h and 23.89 mm, re  spec  tively (fig. 1).
64Cu  pro duc tion  prac ti ca bil ity
via  deu teron  ir ra di a tion
64Zn(d, x)64Cu. In the re  ac  tion, 15-30 MeV pro  -
jec  tile en  er  gies are pur  posed to de  crease the  pro  duc  -
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*  1 Ci = 3.7×10
10 Bq
**  1 b  = 10
–28 m
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Fig ure  1.  Ex ci ta tion  func tion  of 
64Ni(p, n)
64Cu  re ac tion
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tion  of  im pu ri ties.  The  max i mum  cross-sec tion  of
72.61E-03 b oc  curs in the 22 MeV en  ergy range, with
a the o ret i cal thick-tar get yield of 3.20 mCi/mAh. This
re ac tion is highly un de sir able for gen er at ing  64Zn (sta -
ble) with a max  i  mum cross-sec  tion of 1080E-03 b in
18 MeV. In stead of the de  sired re sult, 65Zn (244.26 d),
65Ga (15.2 min), 64Ga (2.63 min), 63Zn (38.47 min)
and 63Cu (sta  ble) with non-connivent ex  ci  ta  tion func  -
tions are pro duced. The sug gested thick ness of the tar -
get is 84.82 mm.
66Zn(d, x)64Cu. In or  der to pro  duce 64Cu dur  ing
the  deu teron  ir ra di a tion  of  the  tar get,  the  max i mum
cross-sec  tion of 25.88E-03 b is cre  ated in the 9 MeV
en  ergy range. The cal  cu  lated yield is 0.16 mCi/mAh.
This  re ac tion  is  un at trac tive  for  its  high  im pu ri ties,
pro  duced af  ter bom  bard  ment. In the cho  sen en  ergy
range,  67Zn (114.34E-03 b, sta  ble), 66Zn (673.62E-03
b, Sta  ble), 67Ga (239.62 E-03 b, 3.26 d), and 66Ga
(69.55 E-03 b, 9.49 h) will be pro  duced.
67Zn(d, x)64Cu. The best range of deu  ter  ons’ of  -
fered en  ergy for the pro  duc  tion of 64Cu via this re  ac  -
tion was found to be in the 15-25 MeV range. The
max  i  mum cross-sec  tion ob  tained in the 18 MeW en  -
ergy range was 45.137E-03 b, with a the  o  ret  i  cal
thick-tar get yield of 1.10 mCi/mAh. The pro duc tion of
con tam i nants  dur ing  this  un wel come  re ac tion  over -
shad  ows the de  sired re  sult by far.
68Zn(d, x)64Cu. 64Cu pro  duc  tion in the 30-50 MeV
en  ergy range  is  lim  ited  by  its  poor  cross-sec  tions;  in
50 MeV, its cross-sec tion is only 21.68E-03 b. This re ac -
tion, as said be  fore, is not de  sir  able at all.
64Ni(d, 2n)64Cu. When us  ing the 64Ni(d, 2n)64Cu
re ac tion  to  pro duce  64Cu, the best range of in  ci  dent en  -
ergy was as  sumed to be that of 7-23 MeV. Max  i  mum
cross-sec  tion  of  64Cu  was  ob  tained  738.025E-03 b in
14 MeV. To take full ben  e  fit of the ex  ci  ta  tion func  tion
and to avoid the for  ma  tion of the radionuclide and iso  -
tope im  pu  ri  ties, en  ergy range to pro  duce no-car  ried
added of 64Cu should be 5-15 MeV. The phys  i  cal thick  -
ness of the tar get and the o ret i cal pro duc tion yield in view 
of the cho  sen range are 38.73 µm and 11.59 mCi/mA·h,
re spec tively  (fig.  2).
64Cu  pro duc tion  prac ti ca bil ity
via  al pha  ir ra di a tion
62Ni (a, x)64Cu. An in duced al pha on the 62Ni tar -
get makes a max  i  mum cross-sec  tion of 383.159 mb in
the 31 MeV range, along with the es  corted ra  dio  iso  -
tope and iso  tope im  pu  ri  ties. To de  crease the pro  duc  -
tion of such im pu ri ties, an en ergy range of 25-35 MeV
can be cho  sen. Thus, the the  o  ret  i  cal yield and tar  get
thick  ness in ac  cor  dance with this en  ergy range would
be 2.05 mCi/mAh and 7.93 mm, in that or  der (fig. 3).
64Cu  pro duc tion  prac ti ca bil ity
via  fast  neu tron  ir ra di a tion  of 
64Zn
64Zn (n, p)64Cu.  The  fea si bil ity  of  64Cu pro  duc  -
tion us  ing fast neu  trons has shown that it can be pro  -
duced  with  a  max i mum  ex ci ta tion  func tion  of
227.682E-03 b in the 11 MeV en ergy range. By means
of this method, it is pos  si  ble to pro  duce a no-car  -
rier-added  ra dio iso tope  of  64Cu. How  ever, 64Zn of
cross-sec tions much higher than 64Cu will be in all de -
sir able  re gions  for  pro duc ing  64Cu (fig. 4).
Fig ure  2.  Ex ci ta tion  func tion  of 
64Ni(d, 2n)
64Cu  re ac tion
us  ing TALYS-1.0 code
Fig ure  3.  Ex ci ta tion  func tion  of 
62Ni(a, 2n)
64Cu  re ac tion
us  ing TALYS-1.0 code
Fig ure  4.  Ex ci ta tion  func tion  of 
64Zn(n, p)
64Cu  re ac tion
us  ing TALYS-1.0 codeTALYS  1.0  CODE  CER TIF I CA TION
In or  der to de  fine the pre  ci  sion of TALYS 1.0
code  cal cu la tions,  ex per i men tal  ex ci ta tion  func tions
in sev  eral de  cay chan  nels were com  pared with the
TALYS 1.0 code data. The av  er  age er  ror be  tween the
64Cu  ex per i men tal  ex ci ta tion  func tion  and  data  ac -
quired from the code through the in  duced pro  ton on
the natZn tar  get was about 20% (fig. 5) [12,18-20]. 
Cal  cu  la  tions pre  dicted that one of the great  est
yields will be achieved from deu  teron bom  bard  ment of
an  en  riched nickel-64  tar  get  (11.59 mCi/mAh), al  -
though  63Cu (sta  ble),  65Cu (sta  ble)  and 65/64Ni  (2.517
h, sta  ble) are pro  duced in the en  tire en  ergy range; so, it
is not pos  si  ble to pro  duce 64Cu as a no-car  rier-added
prod uct.  Its  no-car rier-added  pro duc tion  is  pos si ble  via
67Zn(p, a)64Cu  nu clear  re ac tion  as so ci ated  with  66/67Zn
(sta ble) and  67Ga (3.261 d) im pu ri ties; pro ton bom bard -
ment of 67Zn (41% iso  tope abun  dance) has as a con  se  -
quence a yield of 41.0 MBq/mA×h at EOB; re gard less of
the bril liant char ac ter is tic of the re ac tion, a much higher 
cross-sec tion  of  67Ga im  pu  rity than with 64Cu makes
this  re ac tion  un de sir able.  Pro duc tion  yield  of  64Cu via
the 64Ni(p, n)64Cu re  ac  tion at  10 MeV pro  ton en  ergy is
11.62 mCi/mAh. There are 61Co (1.65 h) ® 61Ni (sta  -
ble),  and  64Ni (sta  ble)  im  pu  ri  ties  with 6.61 mb and
96.71 mb cross-sec  tions in this en  ergy range, re  spec  -
tively, that are in  con  sid  er  able to com  pare 64Cu pro  duc  -
tion (767.254 mb). The pro duc tion of cop per-64 can be
at  tained us  ing a re  ac  tor. Ac  cord  ing to TALYS 1.0 com -
pu ta  tion data,  it can be pro duced  as a no-car rier-added 
us  ing a  fast  neu  tron  flux  of  up to 10 MeV. Only 64Zn
(sta ble)  and  61Ni  (sta ble)  im pu ri ties  are  pres ent.  The
max i mum  ex ci ta tion  func tion  of  64Cu oc  curs by neu  -
tron flux of 11 MeV (227.682 mb); in the said en  ergy,
63Cu (sta ble) has an ex ci ta tion func tion of about 69 mb.
The choice of flux of 10 MeV to pro  duce a no-car  -
rier-added de  creases the 64Cu  ex ci ta tion  func tion  for
about 5%.  Many re  search  ers have de  ter  mined ex  per  i  -
men tal  ex ci ta tion  func tions  of  64Cu pro  duc  tion by the
fast neu  tron flux. Their data is in good agree  ment with
TALYS 1.0 code out  comes. For in  stance, Mannhart et
al. [21] has re  ported a max  i  mum ex  ci  ta  tion func  tion of
64.Cu (228.5 mb) oc  cur  ring in 12.69 MeV neu  tron en  -
ergy, Xiaolong et al. [22] has re  ported an ex  ci  ta  tion
func  tion of 243 mb in 11.4 MeV and Qaim et al. [23]
has re  ported it as 132 mb in 14 MeV.
66Zn(p, x)64Cu could not lead to the pro  duc  tion
of a no-car  rier-added of 64Cu  while  ac com pa nied  by
64Zn (sta  ble) and 65Zn (244.26 d) im  pu  ri  ties that have
not re lin quished their ex ci ta tion func tions. De spite the 
de sir able  yield  of  64Cu at EOB (237.9 MBq/mAh), the
needed high thick  ness (140 mm) of the tar  get is an  -
other dis  ad  van  tages of this method.
68Zn(p, x)64Cu, 70Zn(p, x)64Cu, 67Zn(d, x)64Cu,
and 68Zn(d, x)64Cu re  ac  tions are much more un  de  sir  -
able than the prior ones not only be  cause of the high
thick ness of the tar gets needed, but also be cause of the
many im  pu  ri  ties that go along with the prod  uct.
64Cu pro duc tion via in duced al pha by 62Ni(a, x)64Cu
re  ac  tion can  not  re  sult  in no-car  rier added 64Cu pro  duc  -
tion; there will be 59/61/62Ni
(7.6×104 y, sta ble), 65/63Zn (244.26
d, 38.47 m), and 63/65Cu (sta  ble)
im pu ri ties.  Fi nally,  their  poor
yield makes these re  ac  tions un  -
wanted for our pur  poses.
Hermanne  et al. [10],
showed that thick tar  get yields
for 20 MeV in  ci  dent deu  ter  ons
on highly en  riched 64Ni tar  gets
could reach 800 MBq/mAh
which rep  re  sents a 15% dif  fer  -
ence  com  pared to our cal  cu  la  -
tions (678.97 MBq/mAh) us  ing
the TALYS 1.0 code (tab. 1). 
Daraban et al. [11] re  ported the
ac  quired yield of 844 MBq/mAh
in the 9-20.5 MeV range via the
same  pro duc tion  method.
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Fig ure  5.  Ex ci ta tion  func tion  of 
natZn(p, n)
64Cu  re ac tion
us  ing TALYS-1.0 code
Table 1. Nuclear data of 
64Cu production via various nuclear reactions
using TALYS 1.0 code
Reaction
Beneficial
energy range
[MeV]
Maximum
cross-section 
[mb]
Theoretical
yield
[MBq/mA·h]
Target 
thickness 
[mm]
Isotopic
abundance 
[%]
66Zn(p, x)64Cu 33®43 80.23 6.43 140.00 27.90
67Zn(p, a)64Cu 5®14 39.74 1.10 44.38 4.10
68Zn(p, x)64Cu 20®30 58.63 3.46 102.20 18.80
70Zn(p, x)64Cu 40®50 39.87 3.50 159.00 0.60
64Ni(p, n)64Cu 3®11 767.25 11.62 23.89 0.91
64Zn(d, x)64Cu 15®30 72.61 3.20 84.82 48.60
66Zn(d, x)64Cu 5®10 25.88 0.16 13.00 27.90
67Zn(d, x)64Cu 15®25 45.14 1.10 51.76 4.10
64Ni(d,2n)64Cu 5®15 738.02 11.59 23.81 0.91
62Ni(a, x)64Cu 25®35 383.159 2.05 7.93 14.20
64Zn(n, p)64Cu 10-11 227.68 – – 0.78CON CLU SIONS
64Zn(n, p)64Cu us  ing fast neu  trons is one of the
best meth  ods for an at  tain  able high yield  and 64Cu
pro duc tion  with  min i mal  im pu ri ties.  67Zn(p,  a)64Cu
can be used as a rou  tine method, but it needs a sep  a  ra  -
tion pro cess on 67/66Zn and 67Ga from 64Cu; also, in the
cho  sen en  ergy range, there will be a lit  tle  63Cu im  pu  -
rity of 18.17 mb max  i  mum cross-sec  tion.
64Ni(d, 2n)64Cu re  sult in a high yield, while Cu
sta ble  iso to pic  im pu ri ties  will  be  pro duced  along  with
64Cu  ra dio iso tope.  Also,  the  64Ni(p, n)64Cu pro  cess
can be an ef fi cient and eco nomic route for the pro duc -
tion of millicuries of the ra  dio  iso  tope.
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PORE\EWE  NUKLEARNIH  PODATAKA  POMO]U  TALYS 1.0
KODA  U  AKCELERATORSKOJ  PROIZVODWI  64Cu
Novije ekstenzivno kori{}ewe 64Cu (T1/2 = 12.7 h) kao pozitronskog i elektronskog
emitera radioizotopa, potvrdilo je wegovu dvojnu ulogu u razvoju molekularnih sredstava za PET i
lekova radioimune terapije u onkologiji. TALYS 1.0 kod upotrebqen je da se izra~unavaju
ekscitacione funkcije indukovanih protona, deuterona i alfa-~estica na 64Zn, 66Zn, 67Zn, 68Zn,
70Zn, 62Ni i 64Ni, do energije od 50 MeV. Na osnovu podataka prikupqenih TALYS 1.0 kodom, postignut
je integralni prinos naelektrisanih ~estica indukovanih na oboga}enim metama u vidu debelog
{tita.
Kqu~ne re~i:  64Cu, TALYS 1.0, ekscitaciona funkcija, integralni prinos